We have previously reported the isolation of a human retrotransposable Li element. This element, allele L1.2B at the LRE-1 locus of chromosome 22, was shown by nucleotide sequence identity to be the direct precursor of a de novo retrotransposition event into the factor VIII gene on the X chromosome, resulting in hemophilia A in patient JH-27. We now report the isolation of the two remaining full-length members of the subfamily of Li elements closely related to L1.2B present in the genome of the mother of JH-27. Since these elements, L1.3 and Li.4, are very similar in sequence to L1.2B and contain both open reading frames 1 and 2 intact, they are also likely to be active retrotransposable elements. This suggests that certain Li subfamilies may contain multiple active elements.
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Li elements are highly repetitive sequences which have been found in all mammals and make up about 5% of the human genome (1) . Of the 50,000-100,000 copies of Li elements, greater than 90%o are truncated at their 5' ends or rearranged (2) . How many of the approximately 3500 full-length, 6-kb, elements (3) are active is unknown, but the number is thought to be small. By definition, an active transposable element is one that can be transcribed into RNA and reverse transcribed into cDNA, and its cDNA can be reinserted into the genome at a new location. Depending upon the genomic location into which the new element is reinserted, it could disrupt the expression of a gene and result in human disease. Previously, we reported two retrotranspositions oftruncated Li elements into an exon of the factor VIII gene on the X chromosome, resulting in hemophilia A (4) . One of these insertions, in patient JH-27, was 3784 bp in length and corresponded to the 3' end of an Li element. Subsequently, we reported the isolation of the full-length element, L1.2B, whose nucleotide sequence identity to the insertion indicated that it is the direct precursor of the JH-27 insertion (5) . This element is one of several alleles at the LRE-1 locus on chromosome 22 q11.1-21.1, is fixed in the human genome, and has been at the same chromosomal location for at least 6 million years. The element has both of the open reading frames, ORFi and ORF2, predicted from the human Li consensus sequence (6) , and both ORFs are expressed in in vitro systems. ORFi encodes a 40-kDa protein of unknown function (7) , while ORF2 encodes a reverse transcriptase (RT) (8) .
Recently Li subfamily, some members of which are active while others are inactive (11) . We therefore decided to determine whether any of the other members of the JH-27 subfamily of Li elements are likely to be active. We now report the isolation of two additional full-length elements from this subfamily, both of which have sequence characteristics of active retrotransposable elements.*
MATERIALS AND METHODS
Hybridization of Genomic Digests. Hybridization of the JH-27 oligomer to dried gels of genomic digests with various enzymes was carried out as described previously (5 
RESULTS
To identify a candidate precursor for the JH-27 insertion among the roughly 3500 full-length Li elements in the genome (3), we had previously chosen an oligomer from the JH-27 insertion sequence that differed at 3 of 20 bases from the Li genomic consensus sequence (nucleotides 4250-4269) (5) . When this JH-27 oligomer was used to probe genomic digests from the population, 6-10 hybridizing fragments were seen in each individual at single-copy intensity. Most fragments were polymorphic as to presence. These bands identified a subfamily of Li elements specifically related to the Proc. Natl. Acad. Sci. USA 90 (1993) JH-27 insertion sequence. Fig. 1 shows the results of the JH-27 oligomer hybridization to genomic digests from patient JH-27 and his parents. In the BamHI and EcoRI digests ( Fig.  1 B and C), the new insertion in patient JH-27 is indicated by an arrow. All other bands can be explained by inheritance from his mother (JH-27M) or his father (JH-27F).
The number of bands in the BamHI and EcoRl digests indicate that the genome of JH-27M contains seven (BamHI) or eight (EcoRI) elements from this subfamily. The JH-27 oligomer hybridizes to the 5' end of a BamHI-digested Li element and to-the 3' end of an EcoRI-digested element ( nucleotides 38 and 5962 of the 6022-nucleotide full-length Li element (Fig. 1A) . Therefore, digestion of genomic DNA with Acc I and subsequent hybridization with the JH-27 oligomer reveals an intense band at 6 kb which corresponds to full-length elements and single-copy bands of differing size which represent truncated copies of Li elements within the JH-27 subfamily. When this analysis was applied to DNA from the parents of JH-27, we found that the genome of JH-27M contains four JH-27-specific Li elements that are non-full-length-i.e., Acc I fragments differing in size from 6 kb (Fig. 1D) . Since the JH-27M genome has eight JH-27-specific elements seen on the EcoRI digest and four of these elements are non-full-length on the Acc I digest, the remaining four elements must account for the band at 6 kb in the Acc I digest and be full length.
We have previously reported the isolation of two of these four full-length elements, L1.1 and L1.2, from the JH-27 subfamily (5). These elements were identified through screening of genomic libraries with three oligomers, the JH-27 oligomer, an oligomer specific for the 5' end of the consensus Li element, and a 3' oligomer derived from a subset (subset Ta) of Li cDNA sequences (12) . L1.1 corresponds to the 11-kb BamHI fragment and the 10-kb EcoRI fragment ( Fig. 1 B and C, respectively) . This element is located on chromosome 14, ends in a stretch of 54 adenines, and is flanked by a perfect 14-bp target site duplication. Analysis of the nucleotide sequence revealed that Ll.I had a 1-bp deletion at the beginning of the first ORF predicted by the genomic Li consensus sequence (6), resulting in a frameshift mutation and a premature termination codon. [In vitro translation studies using an RNA transcript from Ll.i yielded no detectable ORFi product (13) .] Although the second reading frame of Ll.1 is open, its 3' 3784 bp in common with the JH-27 insertion sequence differ from that sequence at six nucleotides. From these results we concluded that Ll.1 is not the precursor of the JH-27 insertion and is not an active element.
L1.2 corresponds to the 5.5-kb BamHI and 3.5-kb EcoRI fragments ( Fig. 1 B and C) . L1.2 is full-length, ends in 27 adenines, is flanked by a perfect 15-bp target site duplication, and was the first isolated Li element found to contain the two ORFs predicted from the consensus sequence. Two common alleles of L1.2 (L1.2A and L1.2B) were characterized. L1.2A, isolated from a commercial genomic library, contained two nucleotide differences from the JH-27 insertion sequence. However, L1.2B, which was isolated from the partial BamHI library constructed from JH-27M genomic DNA, was identical in its 3' 3784 bp to the JH-27 insertion sequence, indicating that it was the direct precursor of the JH-27 insertion.
With one active Li element identified from the JH-27 subfamily, we sought to determine whether this subfamily contains other potentially active elements. We screened the partial BamHI genomic library from JH-27M with the three oligomers mentioned above, and the two remaining fulllength clones, L1.3 and L1.4, were isolated. L1.3 is represented by the 8.4-kb BamHI fragment and the 7.2-kb EcoRI fragment ( Fig. 1 B and C A fifth Li element (L1.5), which was grossly rearranged, was isolated from the JH-27M genomic library by using the three oligomers. It corresponds to the 2.6-kb BamHI fragment, the 2.8-kb EcoRI fragment, and the 2.7-kb Acc I fragment ( Fig. 1 B, C, and D) .
We then digested genomic DNA from unrelated individuals with EcoRI and independently probed dried gels with oligomers flanking the 5' end of L1.3 ( Fig. 3) and L1.4 (data not shown). We found that L1.3 is present in 7 of 50 chromosome 14s (gene frequency = 0.14) while L1.4 is present in 23 of 74 chromosome 9s (gene frequency = 0.3). Both L1.3 and L1.4 are found in all racial groups; however, the populations in which L1.3 and L1.4 attain the highest frequency (0.4) differ. The existence of these elements in all human populations with gene frequencies as high as 0.4 in one or more populations suggests that both of these elements have been present in the genome for 1-2 million years (14) . As for the evolutionary relationship of L1.3 and L1.4 to the other full-length elements of the JH-27 subfamily (Fig. 2) , one nucleotide change in ORF1 (position 1869) and two nucleotide changes in ORF2 (positions 3076 and 4055) are in common among L1.1, L1.3, and L1.4, suggesting that these elements may have a more recent common ancestor than L1.2B. 
DISCUSSION
There are eight JH-27 subfamily elements in the genome of JH-27M, and four are known by digestion with Acc I to be truncated. Therefore, we have now isolated all four fulllength, JH-27-related Li elements from the genome of JH-27M. One of these elements, L1.2B, is known to be active. Two others, L1.3 and L1.4, have two ORFs and are potentially active. On the other hand, it is possible that a full-length Li element whose nucleotide sequence encodes all of the activities necessary for retrotransposition is inactive due to its location in a heterochromatic, inactive region of the genome. The remaining element, L1.1, is believed to be inactive due to a 1-bp deletion resulting in a frameshift in ORF1. Although other full-length, JH-27-related elements do not exist in the genome of JH-27M, it is still possible that polymorphic, JH-27-related, full-length elements in addition to L1.1-L1.4 exist in the genomes of other individuals.
Among the full-length members of the JH-27 subfamily of Li elements, the nucleotide sequences are very similar. In the 909 bp of the 5' untranslated region there is only one nucleotide difference that is observed in L1.4 (Fig. 2) . It has been demonstrated that the 5' end of the Li element contains a promoter region (15) with binding sites for a number of cellular transcription factors (16, 17 (4) insertions into the factor VIII gene, an insertion into the dystrophin gene (9) , and the somatic insertion into the APC gene (10) ] arose from other active progenitor elements, one or more of which could be an allele of L1.2.
Since most Li elements in the genome are truncated at the 5' end, it was unexpected that three elements from the same subfamily would be full-length and potentially active. This result supports the hypothesis that a larger number of active Li elements exist in a limited number of subfamilies, each of which is derived from a master Li element (11) . In fact, the reported sequences of five recently inserted Li elements differ by less than 0.7%, while on average human Li elements differ from each other by 5% (6), again suggesting that the presently active Li elements are derived from retrotranspositions of a small number of master Li elements. The situation for Li elements would then be similar to that proposed for Alu sequences, which are thought to be propagated by a few master genes (11, 20, 21 (22) (23) (24) . Since Alu elements do not encode an RT activity and retrotransposition requires reverse transcription, it has been postulated that the RT encoded by active Li elements is utilized in the retrotransposition of Alu sequences (8) .
Retrotransposition has been successfully demonstrated in culture for the intracisternal A particle of mouse (25) and in whole organisms for the I factor of Drosophila (26, 27) . Through use of an assay system to detect retrotransposition events, one could demonstrate directly whether or not a potentially active Li element, such as L1.3 or L1.4, has the capacity to retrotranspose.
